Terahertz (THz) pulses with a peak power of ϳ2 kW were generated in a noncollinear phase-matched GaAs crystal at room temperature. Two 200 ns pulses from a dual-beam TEA CO 2 laser were used for difference frequency mixing in the crystal. A comb of narrow lines ͑⌬ / ϳ 10 −4 ͒ was obtained in the 0.5-3 THz range with a step of 40 GHz. By comparing the effective nonlinearity of GaSe with that of GaAs for THz generation, the electro-optic nonlinear coefficient for GaSe was measured to be d eo = 24.3± 10% pm/ V. Using simulations we show that a 1 kW THz pulse could be amplified by a factor of 2 ϫ 10 4 to a 10 MW level in a 2 m long singlepass free-electron laser.
INTRODUCTION
Despite significant efforts dedicated to the development of terahertz (THz) wave sources during the last decade, the frequency range between 0.3 and 3 THz remains one of the least tapped regions of the electromagnetic spectrum. Broadband THz sources based on the rectification of femtosecond laser pulses are the most studied and widely used generators in this region [1] . However, a narrowband, high-power source is needed for the spectrally selective analysis of biomedical and semiconductor samples as well as for monochromatic THz imaging. The most successful techniques for generating narrowband, highpower THz pulses have come from frequency downconversion of the nanosecond 1 and 10 m lasers in nonlinear crystals. Tunable difference frequency generation (DFG) in the THz range was demonstrated both in birefringent, e.g., ZnGeP 2 [2, 3] , LiNbO 3 [4, 5] , and GaSe [6] , and isotropic, e.g., GaAs [7] nonlinear materials. According to Manley-Rowe relations the maximum power conversion efficiency for DFG at a frequency of 3 = 1 − 2 (where 1 and 2 are input frequencies) is limited by the 3 / 1 ratio. Therefore, for applications where a high THz power level is necessary, CO 2 -laser-based sources have a natural advantage in the downconversion process. Recently in a single-shot experiment we demonstrated the efficient generation of megawatt-power, 250 ps THz pulses by mixing two CO 2 laser lines in a GaAs crystal at room temperature [8] . However, a practical THz source must be easily tunable and pumped by a relatively compact, high-pulse repetition pump laser running at 1 -100 Hz.
In this paper we report the generation of THz difference frequency radiation by the mixing of two output lines of a compact, dual-beam TEA CO 2 laser in a nonlinear crystal. We compare various nonlinear crystals: noncollinearly phase-matched GaAs and collinearly phasematched GaSe. For GaAs the measured power at 260 m ͑1. 15 THz͒ was ϳ2 kW for standard 200 ns long pump laser pulses. By selecting different line pairs, a step-tunable radiation in the 0.5-3 THz range was obtained. Using simulations we also show that a kilowatt level THz seed pulse can be amplified in a single-pass THz free electron laser (FEL) amplifier up to 10-100 MW.
CRYSTAL CHOICE FOR A 10 m PUMPED DFG SOURCE A. Optimal Nonlinear Material
There are a number of considerations when choosing the nonlinear crystal to be employed in the generation of THz radiation by difference frequency mixing of 10 m lasers:
First, the crystals should have a high transparency at the two input laser frequencies as well as at the THz frequency to be generated. The absorption losses in a crystal at frequencies below the fundamental gap are essentially due to free carriers and phonons. The free-carrier absorption can be compensated by different dopings (semiinsulating semiconductors), and the phonon absorption band for the chosen crystal should lie well above the THz frequency. Also the contribution of the phonon absorption can be reduced by cooling a crystal to cryogenic temperatures [7] .
Second, large nonlinearity is desirable. Since the THz frequency range lies below that due to the ionic vibrations, i.e., phonons in a crystal, the ions can follow the variations of the THz electric field and the nonlinear susceptibility has both electronic and ionic contributions. As pointed out by Boyd et al. [9] , the nonlinear coefficient in this case is the one obtained from the linear electro-optic coefficient r eo and can be found using the following equation for the electro-optic nonlinear coefficient d
where n is the refractive index at the higher frequencies. For a number of semiconductor materials d eo is lower than nonlinearity in the optical range. In Table 1 we present characteristics of the most efficient nonlinear materials transparent both at mid-IR and THz frequencies as well as the figure of merit (FOM) for THz DFG with a pulsed laser given by FOM pulsed = ͑d eo ͒ 2 / n 1 n 2 n 3 , where n 1 , n 2 , and n 3 are the refractive indices at the frequencies 1 , 2 , and 3 respectively. The conversion efficiency for THz DFG with a pulsed laser is limited by the surface damage threshold, so for comparison of the materials, we also present the experimental values for the damage threshold measured with 100 ns CO 2 laser pulses. Note that the damage threshold values marked by stars were measured in this paper.
Two different types of materials are presented in Table  1 : the birefringent materials ZnGeP 2 and GaSe and the isotropic materials InSb and GaAs. Collinear phasematched THz DFG has been reported in ZnGeP 2 , which is a promising material in terms of nonlinearity and damage threshold, for both the CO 2 laser [2] and the Nd:YAG laser [3] pumped crystals. However, there are serious difficulties in growing large-aperture ZnGeP 2 crystals-a factor that limits the total power achievable in this crystal at 1 THz. Recently the tunability of DFG in the range of 0.3-5 THz was demonstrated in a GaSe crystal [6] . Such a broad tunability makes this material very attractive for THz DFG, even with the relatively small nonlinearity.
There are some cubic nonlinear semiconductors such as InSb, GaAs, etc., which can be used for THz DFG with CO 2 lasers. These crystals, being cubic, lack birefringence. Therefore, other methods for phasematching in isotropic crystals must be considered. Even in isotropic crystals waves propagate in-phase over the coherence length, the distance over which the relative phase changes by . For THz difference frequency mixing the coherence length is quite long, for example, it is 712 m in the case of GaAs. It allows the generation of THz radiation in thin InSb [12] and GaAs [13] slabs. Clearly, the power generated in such a slab is small. Quasi-phase matching (QPM) is a technique for phase-matching nonlinear optical interactions in which the relative phase is corrected at regular intervals using a stack of plates or periodically grown structures. This technique has progressed significantly over the last few years, and it has good potential for the THz region where the tolerances on bonding quality are more relaxed. However, at present all THz QPM structures are only experimental devices.
Another approach to obtain phase-matched THz DFG in isotropic nonlinear materials is noncollinear mixing of two laser beams. This is possible in any crystal that possesses anomalous dispersion between the incident CO 2 laser radiation and the THz difference frequency radiation. Zernike [12] , and Aggarwal and Lax [7] have demonstrated a noncollinear mixing of two CO 2 laser beams in semiconductor materials. The highest THz power generated to date using this method is a few kilowatts in the 3 THz region generated in a cryogenically cooled sample of GaAs [14] . As seen in Table 1 , the highest FOM pulsed is for InSb. Despite the very high nonlinearity of InSb, the potential of this material is yet untapped. Note that InSb is not available in large sizes and is expensive.
Several reasons make GaAs the best candidate for generation of high-power tunable THz radiation using a noncollinear DFG scheme. It has a relatively high value for the electro-optic nonlinear coefficient d eo =43 pm/V. A semi-insulating GaAs with high resistivity Ͼ10 8 ⍀ cm is transparent in the THz beyond 100 m at room temperature as well as in the 10 m region of the CO 2 laser. Highquality single crystals with a cross section of 10ϫ 10 cm and a length of up to 10 cm are commercially available. Thus we chose GaAs and manufactured a large-aperture THz frequency downconverter from this material. We also tested two GaSe samples to study their potential for CO 2 laser pumped DFG. Below we present the results of the THz DFG measurements obtained with GaAs and GaSe crystals. But first we discuss the phase-matching conditions for these two materials.
B. Phase-Matching Condition
In Fig. 1 we present phase-matching angles for THz generation using mixing of CO 2 laser lines in a noncollinearly phase-matched GaAs and collinearly phase-matched GaSe. For these calculations the low-frequency pump line was fixed at 10.6 m and the high-frequency line was changed in the mixing process. In the case of GaSe, a type-II three-frequency interaction 3 = 1 − 2 (e-oe) was used for which the energy conservation resulted in the phase-matching condition as n 3 3 = n 1 1 − n 2 2 . The refractive indices for this material were taken from Dmitriev et al. [15] . The total internal reflection of the THz radiation for angles larger than ϳ21°requires cutting the output face of the GaSe crystal to generate any frequency above 2.5 THz. Unfortunately, this material cannot be cut or polished thus limiting the tunability range to 0.3-2.5 THz in the case of mixing of the CO 2 laser lines.
As seen in the inset in Fig. 1 , the noncollinear phase matching for DFG requires matching of the corresponding wave vectors for the input frequencies 1 and 2 . Similar to Aggarwal and Lax [7] we define the phase-matching angle ⌰ inside the crystal and the angle at which the newborn THz radiation is propagating in the crystal as
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Tuning the difference frequency in the whole range of 0.5-3 THz requires a change of the internal phasematching angles, ⌰ (intersection angles for two beams for the noncollinear interaction) from 0.15°to 2.3°, respectively. These small angles allow the use of long crystals for large-aperture pump beams with a diameter of 1 cm and larger. Note that the refractive indices for GaAs were taken from Johnson et al. [16] . Also, analysis shows that is almost independent of the THz frequency and centered at ϳ21°. Thus, to relieve the newborn THz radiation the output face of the crystal should be cut at a fixed angle.
EXPERIMENTS
The experiments have been performed with a dual-beam CO 2 laser built at the Neptune Laboratory at UCLA using commercial TEA lasing sections (Lumonics 102) running at 1 Hz. This dual-beam laser used one spark gap to trigger the two parallel CO 2 lasing sections, thus providing jitter-free operation for two optical pulses. By choosing lines with approximately the same gain coefficient we extracted more than 1 J per line in a 200 ns pulse simultaneously. A grating placed in each section allowed us to cover the spectral range for the difference frequency from 0.5 to 4.5 THz with a step of 30-40 GHz (the line separation of the CO 2 molecule). The setup for the generation and detection of the THz pulses is shown in Fig. 2 . As an example, the optical scheme for DFG in GaAs, when the 10.3 m ͑ 1 ͒ line was mixed with the 10.6 m ͑ 2 ͒ line resulting in the 340 m ͑ 3 ͒ difference-frequency radiation, is shown. The 10.6 m radiation beam was directed at the normal incidence to the crystal surface. The beam path of the 10.3 m arm was adjusted by a movable mirror in order to scan the phase-matching angle. For an ϳ2.9 m long base of both arms, we obtained an angle resolution of 0.01°while scanning the phase-matching angle. This angle precision corresponded to a 0.5 mm accuracy in the separation between the two iris diaphragms installed in each arm and was adequate for phase matching of two CO 2 laser beams in a long crystal. A 2 ϫ 4 ϫ 2.7 cm 3 GaAs in the form of a rectangular parallelepiped was used in these experiments. The 21°angle of propagation of the THz beam inside the crystal was greater than the critical angle of total internal reflection. Therefore, the output face of the GaAs crystal was cut at an angle of ϳ10°to decouple both the 10 and 340 m beams. As apparent in the inset of Fig. 2 , the refraction of the pump and THz beams in a noncollinear configuration allowed the separation of the newborn radiation from the pump lasers in space. The transmitted pump beams were sent to the fast photodetectors to control the timing between two pulses. The THz radiation was collected by an off-axis parabolic mirror and sent onto a Golay cell for detection. The detector with a known spectral response for both the THz and IR wavelengths was calibrated in an energy scale using the 10 m pulse. The experimental setup shown in Fig. 2 was modified for collinear phase matching simply by placing a 135 gr/ mm grating in the plane where the two CO 2 laser beams intersect. The grating worked as a beam combiner and after the grating two collinearly propagating beams were slightly focused by a curved mirror and a beam sent on a GaSe crystal. Two z-cut samples of GaSe with a length of 10 and 12 mm were tested in the experiments.
RESULTS AND DISCUSSION
A. THz Generation Using a Room Temperature GaAs A semi-insulating crystal of Cr-doped GaAs (specific resistivity ϳ4 ϫ 10 8 ⍀ cm) was used in this work. The crystal was cut along a (111) direction so that the input polarization vector was parallel to this direction and the input face was perpendicular to a (111) plane. This orientation has the maximum nonlinear coefficient. For the measurements, two unfocused CO 2 laser beams with a diameter of 10-15 mm were sent on the crystal, providing a total 
First we tuned the 10.6 arm to the fixed 10P (20) line and scanned the wavelength of 10.3 arm. As seen in Fig. 3(a) , for the 344 m line [mixing with the 10R(16) line] the signal peaked at the external phase-matching angle ⌰ ext = 2.33°a nd the full width of the phase-matching curve was 0.07°. The measured width of the phase-matching curve indicated that the interaction length for 10-15 mm beams was clearly limited by the crystal length. Figure 3 
To measure the spectral bandwidth of the THz radiation produced by mixing CO 2 
We scanned the Fabry-Perot spacing from 1 to 10 mm. No broadening of the full width at half maximum for the transmission peaks was observed in this range indicating that the bandwidth was dominated by that of the instrument. In Fig. 4 , for the 289.2 m line, we present the measured transmission through the Fabry-Perot interferometer, when spacing was changed from 9 to 10 mm. One can estimate the minimum resolvable wavelength interval ⌬ min using a formula
where is the radiation wavelength and m is the interference order [17] . For the spacing equal to 9.83 mm and the wavelength of 289.2 m, m = 68. Then Eq. (3) gives ⌬ min = 0.049 m. Based on these measurements the bandwidth of the THz radiation was better than 1.7 ϫ 10 −4 . Note that the central frequencies of CO 2 laser lines are measured to a very high metrological precision [18] so the difference frequency is known automatically, and this is an advantage of the described narrowband THz source. There is no need to use an interferometer, a typical tool to measure the THz frequency.
Tunability in the broad range of 0.5-2.8 THz or 600-110 m was achieved with very good agreement between the calculated and measured phase-matching angles. In Fig. 3(b) we summarize the experimental data on the spectral dependence of the THz power. For the 200 ns pulses with a peak power of P 10.3 Ϸ P 10.6 Ϸ 6 MW in an unfocused laser beam, we detected THz pulses with energy of 400 J corresponding to a peak power of 2 kW. The measurement was performed by mixing the 10R (22) and 10P(26) CO 2 laser lines resulting in the 260 m ͑1.15 THz͒ output. This peak power corresponds to a ϳ2 ϫ 10 −4 external conversion efficiency. Assuming planewave pumping of the GaAs crystal, one can estimate the output of DFG power for a perfect phase matching by
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where S denotes the area of the input beams, T 1 , T 2 , and T 3 are the single surface transmission coefficients at the frequencies 1 , 2 , and 3 , and ␣ is the absorption coefficient of the THz radiation in GaAs. The interaction length L in the case of noncollinear geometry is limited by the length over which two crossed beams overlap. The best matching between the measured width of the phasematching curve in Fig. 3 (a) and a calculated one was found to be at L ϳ 2.5 cm. Using n 1 Ϸ n 2 = 3.28, n 3 = 3.61 As seen in Fig. 3(b) , the DFG power in room temperature GaAs decreases below the 1 kW level at 100 m due to the strong absorption in the phonon band. The contribution of the absorption factor can be clearly seen by comparing the experimental data with the curve calculated with no absorption [see solid curve in Fig. 3(b) ]. When using the absorption as a fitting parameter in Eq. (4) for the GaAs sample, we obtained a value of approximately 2 cm −1 at 110 m. However, cooling of the crystal to ϳ80 K decreases the absorption [7] and can be used to obtain a power above 1 kW for the whole range of 1 -3 THz.
B. THz Generation Using GaSe
As mentioned in Section 3, a grating was used as a beam combiner to obtain two overlapped CO 2 laser beams for collinear phase matching. The polarization for the CO 2 laser beams matched the one required for type-II 3 = 1 − 2 (e-oe) three-frequency interaction. Figure 5 shows the relative output power of the difference-frequency radiation versus the external phasematching angle ⌰ ext for mixing the 9.59 m [the 9P (24) line] and 10.22 m [the 10R (24) line] beams. The generated frequency at ϳ2 THz ͑150.26 m͒ was very close to the cutoff frequency determined by the total internal reflection in GaSe. The output power peaked at ⌰ ext = 52°, which is in excellent agreement with the calculated value in Fig. 1 . The measured energy was ϳ10 J or a peak power of 50 W assuming a 200 ns long THz pulse. This power was generated with an approximate 4 MW pump power per line. To confirm the phase-matching conditions, the other pair of CO 2 laser lines was mixed in the GaSe crystal and an ϳ1 THz ͑289.22 m͒ pulse was recorded with an output four times smaller than that at 2 THz.
The measured value of the width of the phase-matching curve (diamonds in Fig. 5 ) was 1.15°± 0.05°. This width was not consistent with that expected of a 1 cm long GaSe crystal based on the Sellmeier coefficients [15] . Note that a similar dependence was recorded for the 1.2 cm long sample. It indicated that the effective length of the crystal was independent of the actual crystal length. The best fit of phase mismatch Sinc 2 ͑⌬kL eff /2͒ function, where the momentum mismatch for DFG with collinear beams is ⌬k = k 3 − k 1 + k 2 = ͑n 3 3 − n 1 1 + n 2 2 ͒ / c, was obtained at L eff = 0.39 cm. This experimental effective length was used for further calculations. Typically, the effective length for birefringent materials is limited by the walk-off effect. But for the large pump beams ϳ0.6 cm in diameter utilized in the experiment this was not the case. We believe that the main limitation on the effective length in the samples was imposed by absorption of the THz radiation.
By using a 289.2 m beam generated in GaAs, we measured the absorption coefficient in the GaSe samples using a laser calorimetry technique. Note that this method is rather accurate and allows to measure ␣ at 0.02 cm −1 level for a 1 cm long sample [19] . At normal incidence on the crystal surface we measured transmission of the THz beam. The following expression was used to obtain the value of the absorption coefficient:
where L c is the length of the crystal, T is the transmission, and R = ͑n −1͒ 2 / ͑n +1͒ 2 is the Fresnel power reflection coefficient of GaSe. The absorption coefficient for extraordinary polarization was found to be 3.19± 3 % cm −1 (3.25 cm −1 for the long sample). The measured absorption coefficients agreed well with that obtained by the Fourier transform spectrophotometer for the same samples.
Before comparing the measured and the calculated THz power, we measured the nonlinear coefficient for GaSe, since the only data on the electro-optic coefficient for this material were taken at the 0.5-1 m range (see Table 1 ). By generating radiation at 289.2 m in both a GaSe sample and a 700 m thick GaAs wafer under the same conditions, we directly compared the effective nonlinear coefficient d eff (GaSe) with a well known d eff (GaAs). The length of the GaAs wafer was slightly smaller than the coherence length for this material providing conditions for the collinear phase matching. The measured d eff ͑GaSe͒ / d eff ͑GaAs͒ was equal to 0.46. For type-II DFG the effective nonlinearity expression in the phasematching direction is given by [15] 
where is the azimuthal angle and was equal to zero. Then, if applying d eff ͑GaAs͒ = 50 pm/ V and ⌰ = 17.2°, the measured electro-optic nonlinear coefficient for THz generation in GaSe is 24.3± 10% pm/ V. It should be noted that the measured coefficient is close to that determined by using the linear electro-optic effect [10] ͑17±5% pm/V͒ but a factor of 2 smaller than the one measured for pure electron susceptibility in the highfrequency optical range [15] ͑54± 10.8 pm/ V͒. Using the measured value of GaSe nonlinearity, the calculated power at 2 THz from Eq. (4) was 52 W for L eff = 0.39 cm and S = 0.28 cm 2 . Thus, the calculated and experimental powers are in very good agreement. 
AMPLIFICATION OF A THZ PULSE IN A SINGLE-PASS FREE-ELECTRON LASER
Having produced kilowatt power pulses tunable in the THz spectral range, we analyzed the possibility of increasing the pulse power by a factor of 1000 and higher using a FEL. This is important, e.g., for nonlinear spectroscopy studies in semiconductors [20] , which require an optical field of the order of 10 8 V / cm and higher. Switching to shorter subnanosecond CO 2 laser pulses increases the output power of DFG in GaAs by a factor of 10 because of the higher DFG efficiency [8] . However, the damage threshold of the material fundamentally limits the output power. A promising alternative, in our opinion, is to seed the narrowband pulse generated in a GaAs nonlinear crystal in a single-pass FEL amplifier and transfer the energy of an electron beam into a THz beam. The demonstrated THz FELs typically operate as multipass FEL oscillators driven by a microsecond long electron beam with a low current [21] . A single-pass FEL amplifier allows the use of a short, high peak current beam reaching a very high FEL gain. At the UCLA Neptune Laboratory we have launched an experimental program in order to generate THz pulses of MW power using the seeded FEL technique [22] .
We modeled the FEL amplification in the THz range using the time-dependent FEL code Genesis 1.3 for analysis [23] . In Table 2 we summarize the optimized parameters of the proposed tunable single-pass THz FEL amplifier. A 10 ps long (full width at half maximum) electron beam from the Neptune S-band photoinjector [24] is sent through the hole in a mirror to propagate collinearly with the THz seed pulse inside the undulator. To compensate for diffraction, critical in the THz range, the radiation pulse inside the undulator is guided in a metallic waveguide. By using a THz pulse generated in the GaAs crystal, we optimized the material and profile of a hollow waveguide in order to minimize the losses related to propagation of the radiation. Up to 90% transmission was measured in a circular copper waveguide compared to 50% in a rectangular one for a 50 cm long sample. The smaller attenuation for a circular waveguide in comparison with a rectangular one is attributed to the higher coupling efficiency for a beam with a similar circular symmetry and weaker fields on the metal surface for the fundamental mode.
The results of modeling the FEL amplification process for three fixed injected wavelengths 100, 200, and 300 m using the 3D code Genesis are shown in Fig. 6 . Note that in the simulations the resonant condition was modified by replacing FEL with the effective radiation wavelength derived from the dispersion relation of the waveguide. The high-power tunability in our case is achieved by matching the energy of the electron beam obtained from the photoinjector to each of the wavelengths preserving the FEL resonant conditions given by [25] 
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where K = eB u / mck u is the dimensionsless undulator parameter, FEL is the wavelength of amplified radiation, u is the undulator wavelength, ␥ is the electron Lorentz factor (energy), k u is the undulator wavenumber, and B u is the undulator magnetic field. As apparent in Fig. 6 , the 2 m long FEL amplifier can provide multi-megawatt pulses tunable in the THz range if a kilowatt seed pulse is available. This requires a change in the energy of the electron beam from 5 to 14 MeV. Since the transform-limited bandwidth of the ϳ10 ps amplified THz pulse is ϳ100 GHz, it is larger than the 40 GHz step size for the seed pulse, and therefore a continuous coverage of the spectral range from 0.5 to 3 THz is projected. The details on the FEL amplification parameters and a Fabry-Perot interferometer for selection of a 10 ps THz pulse from a long seed pulse are presented elsewhere [22] . It is known that FEL saturation is caused by the decreasing kinetic energy of the electrons as the radiation is amplified [25] . By tapering the gap of the undulator one can preserve the resonant condition in Eq. (7) for decreasing ␥ and sustain the exponential growth of the THz signal. In Fig. 7 the linear tapering of the undulator's gap was applied from ϳ1.5 m of propagation of a 100 m pulse in the undulator; also the peak current for this case was increased to 100 A. At 1.9 m both tapered (solid curve) and untapered (dashed curve) scenarios result in a power of 20 MW. Then the untapered undulator stops am- plifying the pulse, but in the 2.5 m long tapered undulator the peak power reaches 75 MW. The deviation from exponential growth in power and a relatively small power enhancement for the tapered undulator is attributed to the fact that the saturation mechanism is dominated in this case by the slippage effect between the electron beam and the amplified THz radiation. When the number of periods of the THz wave covering the electron bunch is smaller than the number of undulator periods, the radiation eventually overtakes the whole electron beam and the FEL amplification stops. This effect is stronger at a longer wavelength and a longer, high peak current electron beam is required to compensate for the slippage. Thus, for the seeded, single-pass THz FEL amplifier driven by a short, high-current electron beam, tapering looks ineffective, limiting the power level to 20 MW, which still corresponds to an amplification by a factor of 2 ϫ 10 4 .
CONCLUSIONS
We have experimentally generated THz radiation pulses in the range of 0.5-3 THz by mixing two CO 2 laser lines in a noncollinearly phase-matched GaAs at room temperature. The use of a large-aperture GaAs crystal pumped by a 10-15 mm diameter CO 2 laser beam allowed generation of a THz pulse with a peak power of 2 kW in the spectral range of 0.5-2 THz. The power gradually decreased to tens of watts at ϳ3 THz due to strong absorption for the THz radiation in the vicinity of the GaAs phonon band. A compact, dual-beam TEA CO 2 laser running at 1 Hz was utilized as a pump source. The presented DFG technique provides a comb of THz lines which have a narrow ͑⌬ / ϳ 10 −4 ͒ bandwidth and a known central frequency with an accuracy of better than 10 MHz. Taking into account the maturity of the CO 2 laser technology and availability of large-aperture GaAs crystals, one may foresee THz DFG systems for singleshot imaging with pulses in the millijoule energy range, running at 10-300 Hz.
The CO 2 laser lines were also mixed for the first time in a collinearly phase-matched GaSe sample. The measured electro-optic nonlinear coefficient for THz generation was found to be 24.3± 10% pm/ V. The efficiency of THz DFG in this material was severely limited by a strong absorption of the THz radiation and can be improved once crystal growing technology progresses. However, when pumped by a CO 2 laser, the tuning range in the crystal is limited to 0.5-2 THz because of the total internal reflection of the THz beam.
Using 3D time-resolved simulations we have shown that a 1 kW THz pulse produced by a nonlinear crystal can be amplified in a single-pass FEL amplifier driven by a short, high-current beam from a photoinjector. For a typical photoinjector current of 60 A the gain reaches 2 ϫ 10 4 for a 2 m long untapered planar undulator. This technique opens the possibility of building a very highpower 10-50 MW THz source for nonlinear optics studies.
